Mechanical sensing is one of the most fundamental processes for sessile plants to survive and grow. The response is known to involve calcium elevation in the cell. Arabidopsis seedlings grown horizontally on agar plates covered with a dialysis membrane show a 2-fold reduction in root growth compared with those grown vertically, a response to mechanical stress generated due to gravitropism of the root. To understand the molecular mechanism of how plant roots sense and respond to mechanical stimuli, we screened chemical libraries for compounds that affect the horizontal root growth in this experimental system and found that, while having no effect on root gravitropism, omeprazole known as a proton pump inhibitor significantly enhanced the mechanical stress-induced root growth reduction especially in lower pH media. In contrast, omeprazole reversed neither the alleviation of the mechanical stress-induced growth reduction caused by calcium depletion nor the insensitivity to the mechanical stress in the ethylene signaling mutant ein2. Together with the finding that omeprazole increased expression of touch-induced genes and ETHYLENE RESPONSE FACTOR1, our results suggest that the target of omeprazole mediates ethylene signaling in the root growth response to mechanical stress.
Introduction
Morphological and growth responses of vascular plants to mechanical stimulation such as touch and wind are known as thigmomorphogenesis (Jaffe 1973 , Jaffe and Forbes 1993 , Chehab et al. 2009 , Braam and Chehab 2017 . The compact growth of stem and leaves observed in plants under repetitive touch stimulation represents one of the major features of thigmomorphogenesis. This phenomenon has been purposefully employed by Japanese farmers as the treading of wheat and barley seedlings for generation of short and strong stems. It is also well known that physical contact promotes the helical growth in some climbing plants (Jaffe and Galston 1968 , Isnard and Silk 2009 , Smyth 2016 . The molecular mechanisms whereby plants sense and respond to mechanical stimulation have been extensively studied in the model plant Arabidopsis thaliana. Early work revealed that touch stimulation activates expression of a subset of touch-induced genes named TCH (Braam and Davis 1990) . Among them, TCH1 encodes a calmodulin while TCH2 and TCH3 encode novel Ca 2+ -binding proteins related to calmodulin, suggesting the function of Ca 2+ signaling in the response to mechanical stimulation (Sistrunk et al. 1994) . External application of Ca 2+ channel antagonists to Arabidopsis seedlings affects expression of these TCH genes (Polisensky and Braam 1996) . There have also been many reports showing that mechanical stimulation involves a rapid elevation in cytosolic Ca 2+ concentration in plant cells (Trewavas and Knight 1994 , Braam 2005 , Kurusu et al. 2013 . Ca 2+ fluxes then trigger downstream signaling pathways involving reactive oxygen species (Monshausen et al. 2009, Monshausen and Haswell 2013) and plant hormones such as ethylene and auxin (Biro and Jaffe 1984 , Chehab et al. 2009 , Sassi and Traas 2015 . Furthermore, jasmonic acid has been shown to act as a mechanical signal transducer that leads to the increased resistance to a wide range of insects and pathogens and a delay in flowering (Chehab et al. 2012) , while gibberellin catabolism is involved in touch-induced morphological changes in Arabidopsis (Lange and Lange 2015) .
Due to positive gravitropism, the plant root encounters mechanical stress during soil penetration and path formation towards gravity. The mechanically impeded roots show a decrease in root elongation rates, an increase in root diameter and a change in the pattern of lateral root initiation (Bengough and Mullins 1990) . When touched by a hard obstacle, the root tip of Arabidopsis seedlings shows reversible rotation, a phenomenon known as thigmotropism. A study identified the mutants that show altered patterns of this root tip rotation (Okada and Shimura 1990) . Another study found that the primary root of the Arabidopsis mca1 mutant fails to penetrate a harder agar medium from a softer one, indicating that MCA1, a plasma membrane Ca 2+ influx channel, is crucial for the response to mechanical stimuli in the root (Nakagawa et al. 2007) . Given that the primary target for mechanical stress signaling is the plasma membrane of the cell, changes in membrane tension caused by physical or mechanical stress may directly induce Ca 2+ influx across the membrane or allow the passage of ion fluxes across other stretch-activated ion channels, thereby stimulating Ca 2+ influx. On the other hand, the involvement of receptor-like kinases in mechanical stress signaling is suggested by a study of the Arabidopsis feronia (fer) mutant, which exhibits severely altered Ca 2+ signaling and defective root growth responses to mechanical perturbation (Shih et al. 2014) . FER encodes a receptor-like kinase that is expressed in the synergid cell and controls the elevation of intracellular Ca 2+ levels of pollen tubes and the cessation of their growth (EscobarRestrepo et al. 2007 ), while it is also required for auxin-induced root hair growth (DuAn et al. 2010) . Because the kinase domain of FER is not essential in mediating mechanical signal transduction, FER may function indirectly as a scaffold to organize different signaling components (Shih et al. 2014 ). It should not be overlooked that mechanical responses involve reorganization of microtubules (Hamant et al. 2008, Sassi and Traas 2015) . However, in contrast to detailed knowledge of the molecular and cellular mechanisms that govern physical sensing and electrical signaling in animals, information on the pathway from membrane sensors to effectors and their identity remains to be fully understood in plants.
To clarify the signaling pathway of the root growth response to mechanical stress in Arabidopsis, a previous study developed an assay system using a dialysis membrane (Okamoto et al. 2008) . When seedlings are grown on dialysis membrane-covered agar plates, their roots encounter adequate mechanical impedance and show a reduction in root growth, an increase in root diameter and ectopic root hair formation, which are reminiscent of the response to ethylene. The finding that these responses are restored by an ethylene action inhibitor, Ag + , or even not observed in an ethylene-insensitive mutant, ein2, eventually suggested a critical role for ethylene in changing root morphology during mechanical impedance (Okamoto et al. 2008) . For further elucidation of the molecular mechanism of the root response to mechanical impedance, we applied this assay system to screen for chemicals that can affect the response and report here the identification of omeprazole as an enhancer of the mechanical signal transduction pathway in the root.
Results
Screening for chemicals that affect mechanical stress-induced root growth reduction
In our experimental protocol, wild-type Arabidopsis seedlings were grown for 1 d after germination on vertically placed halfstrength Murashige and Skoog (MS) agar plates and transferred to plates covered with a dialysis membrane. The plates were placed vertically or horizontally in the presence of a chemical compound and the root growth was compared after 2 d of incubation (Fig. 1A) . Before chemical screening, we confirmed that a barrier of a dialysis membrane caused root growth reduction with a ratio of horizontal to vertical growth of 49% in the absence of chemicals (Fig. 1B) , showing a stress response to mechanical impedance. A similar effect was obtained by the use of a glass fiber filter instead of a dialysis membrane, but no stress effect was observed in the case of a polyvinylidene difluoride (PVDF) membrane probably because of its smooth surface (Fig. 1B) .
To identify signaling molecules involved in the sensing of and the response to mechanical stress in the root, we screened a subset of the RIKEN Natural Products Depository (NPDepo) chemical library containing 456 compounds for bioactive agents that affect root growth under mechanical stress. In the initial screening, we identified G418, an aminoglycoside antibiotic that inhibits protein synthesis, and mimosine, a toxic amino acid that inhibits DNA replication, as inhibitors of root growth with or without mechanical stress (Fig. 1C) . Furthermore, four compounds were identified, among which two had an enhancing effect and the other two had a diminishing effect on the reduction of root growth under mechanical stress ( Fig. 1C ; Supplementary Fig. S1 ). Here we focused on one compound, omeprazole, which enhanced the growth reduction in our experimental system.
Effect of omeprazole on root growth under mechanical stress
Omeprazole ( Fig. 2A) is a gastric acid pump inhibitor and is used as a prescribed drug to treat peptic ulcers in humans (Clissold and Campoli-Richards 1986) . We first determined the optimal concentration of omeprazole for enhancement of root growth reduction. The optimal concentration was between 1 and 10 mM, and the ratio of horizontal to vertical growth after transfer was reduced to >35%, although the higher concentrations caused more reduction in the root growth itself and >10 mM omeprazole severely inhibited both vertical and horizontal growth (Fig. 2B) . We also examined the effect of medium pH on the growth reduction. Interestingly, the sensitivity or response to mechanical stress was reduced by higher pH in both the absence and presence of omeprazole (Fig. 2C) . The lower pH was more effective for enhancing reduction of horizontal growth. In the following experiments, we used 3 mM omeprazole in a medium pH of 5.7 unless otherwise stated.
We also observed under microscopy that the number of root hair cells during horizontal growth was increased by omeprazole (Fig. 3A) . In the cortex, cell length was reduced while radial cell size was increased by the presence of omeprazole (Fig. 3B) . The measurements revealed that, after transfer from vertical to horizontal plates with a dialysis membrane, the length of epidermal cells in the root elongation zone was reduced to 50% of the vertical control in the absence of omeprazole and 39% in the presence of omeprazole (Fig. 3C) , probably being reflected in the change in root length. However, the mechanical stress-induced increase in the root diameter was not enhanced by omeprazole (Fig. 3D) . The increase in root hair density in the elongation zone was significantly enhanced by omeprazole (Fig. 3E ).
Effect of omeprazole on seedlings under different stress conditions
We also examined whether or not omeprazole has an effect on the root gravitropic response in Arabidopsis seedlings. Reduction of root growth, which is caused by the change in the direction of gravity after reorientation of vertically placed agar plates by 90 , was not enhanced by omeprazole (Fig. 4) . On the other hand, we confirmed that hypocotyl growth under dark conditions was not significantly affected by omeprazole supplied in the agar medium, and its reduction by the (1) and other chemicals (2, 3, 4) that enhance or diminish the growth reduction whose molecular structure is shown in Supplementary Fig. S1 . Bars are as in (B). Error bars correspond to ± SD (n = 15-20). Different letters indicate statistically significant differences between means by one-way ANOVA with Tukey-Kramer multiple comparison test (P < 0.05) for (B) and twoway ANOVA with Tukey-Kramer test (P < 0.05) for (C), respectively. . Error bars correspond to ± SD (n = 40). Different letters indicate statistically significant differences between means by one-way ANOVA with Tukey-Kramer multiple comparison test (P < 0.05) for (B) and two-way ANOVA with Tukey-Kramer test (P < 0.05) for (C), respectively. mechanical impedance caused by a plastic lid of Petri plates was not enhanced by omeprazole (Supplementary Fig. S2 ).
Effect of omeprazole on the root growth of agravitropic mutants
We next examined whether or not the root growth of agravitropic mutants is affected by omeprazole. These include auxin resistant1 (aux1), solitary root (slr) and the double mutant of auxin response factor7 (arf7) arf19. AUX1 encodes an auxin influx carrier required for polar auxin transport in root tips (Bennett et al. 1996) . SLR encodes IAA14, a member of the Aux/IAA protein family, and represses the function of ARF7 and ARF19, which mediate auxin-induced lateral root formation (Fukaki et al. 2002) . The dominant slr allele produces a mutant SLR protein free from auxin-dependent degradation and constitutively blocks the function of ARF7 and ARF19 Error bars correspond to ± SD (n = 40 in C, n = 10 in D and E). Different letters indicate statistically significant differences between means by two-way ANOVA with Tukey-Kramer multiple comparison test (P < 0.05). (Okushima et al. 2005) . All of these mutants show no or reduced response to gravity. Omeprazole was shown to have no or little effect on the root growth response of these mutants to mechanical stress (Fig. 5) , probably because no mechanical stress could be generated without the response to gravity in these mutants. On the other hand, ethylene insensitive2 (ein2), a mutant of EIN2, which encodes a metal transporter-like membrane protein and acts in mediating ethylene response (Alonso et al. 1999) , shows a normal root gravity response but lacks the growth inhibition caused by the resulting mechanical stress ( Fig. 5 ; Buer et al. 2006 , Okamoto et al. 2008 . Omeprazole had no effect on the root growth of ein2 under mechanical stress (Fig. 5) .
Effect of omeprazole on gene expression
To assess the effect of omeprazole on gene expression, we performed quantitative real-time PCR (qRT-PCR) analysis on wildtype seedlings that were pre-incubated for 24 h in liquid MS solution and treated with omeprazole. The results revealed that TCH3, TCH4, WRKY18 and WRKY33, the latter two of which encode pathogen-induced transcription factors and are also touch inducible (Lee et al. 2005 , Shih et al. 2014 , were drastically up-regulated by 12 h treatment with omeprazole, but Ca 2+ -inducible GH3.1 and GA2ox6 (Whalley et al. 2011 , Shih et al. 2014 were not (Fig. 6A) . Expression of ETHYLENE RESPONSE FACTOR1 (ERF1), which encodes a transcription factor regulating both ethylene-and jasmonate-responsive genes (Lorenzo et al. 2003) , was also increased by omeprazole, while that of a jasmonate-inducible vegetative storage protein gene VSP1, an ethylene-inducible basic-chitinase gene BCHI (Boter et al. 2004 ) and a brassinosteroid-inducible expansin gene EXP16 (Zhang et al. 2018) was not significantly altered (Fig. 6A) . Expression of AHA1 and AHA2, which are the most predominantly expressed members of the Arabidopsis plasma membrane H + -ATPase (AHA) family (Haruta et al. 2010 ), was also not responsive to omeprazole (Fig. 6A) , although their gene products are possible targets of omeprazole. We further examined expression of TCH4 and WRKY18 after 2 d of mechanical stress with or without omeprazole and detected a significant increase of TCH4 expression due to omeprazole in the wild type and ein2 as well as that of WRKY18 expression in ein2 (Fig. 6B) . Agravitropic mutants aux1 and arf7 arf19 showed no altered expression of these genes after the stress treatment (Fig. 6B) . We also detected no significant difference in ERF1 expression between treatments in both wild-type and ein2 seedlings ( Supplementary Fig. S3 ).
Simultaneous effect of omeprazole and EGTA, vanadate or Ag + on the root growth
The response to mechanical stress involves Ca 2+ elevation inside the cell. We checked the effect of the Ca 2+ chelator, EGTA, on root growth under mechanical stress. When added to vertical plates before seed germination, EGTA was inhibitory to root growth without mechanical stress. Although the seedlings transferred to horizontal plates still showed the response to mechanical stress, the root growth reduction was diminished (Fig. 7) . Simultaneous application of EGTA and omeprazole had no clear enhancing effect on the root growth reduction caused by the mechanical stress (Fig. 7) . We also examined the effect of vanadate, a H + ATPase inhibitor, on the response. Vanadate was also inhibitory to root growth without mechanical stress and did not enhance the root growth reduction under mechanical stress, unlike omeprazole (Fig. 7) , suggesting a difference between the targets of omeprazole and vanadate. Simultaneous application of vanadate and omeprazole had a similar effect to omeprazole alone on growth reduction (Fig. 7) . Finally, the effect of Ag + , which inhibits ethylene perception, on the response was examined. The presence of Ag + drastically suppressed the root growth reduction caused by mechanical stress but it was not reversed by simultaneous application of omeprazole with Ag + (Fig. 7) .
Discussion
Omeprazole is widely used as a proton pump inhibitor in mammalian systems but has not been used in plant systems. Only one recent study revealed that pre-treatment of tomato plants with micromolar concentrations of omeprazole improves plant growth under salt stress conditions (Van Oosten et al. 2017) . We found in this study that omeprazole significantly enhanced the root growth reduction caused by mechanical impedance at 1-10 mM, although higher concentrations were inhibitory to the root growth itself. The increase in the root hair density in the seedlings after transfer onto horizontal plates with mechanical impedance was also enhanced by omeprazole. We further confirmed that the root growth reduction was neither observed nor enhanced by omeprazole in agravitropic mutants under our experimental conditions. Importantly, this indicates that our experimental system can successfully uncouple the response to mechanical stress from that to gravity and evaluate the former. Moreover, omeprazole had no apparent effect on the response of wild-type seedlings to gravity in the absence of mechanical impedance (Fig. 4) . These results suggest that the target of omeprazole functions either in the desensitization of mechanical stimuli occurring after the response to gravity or in the recovery from a mechanical stress-induced signaling event in the root tissues. Our results also revealed that the Ca 2+ -chelating agent EGTA alleviated the root growth reduction, confirming the involvement of Ca 2+ influx in the mechanical stress signaling. Although the roots still showed the response to mechanical stress in the presence of EGTA, simultaneous treatment of The transcript level at 0 h was set as 1. Error bars correspond to ± SD (n = 3). An asterisk indicates a significant difference from 0 h (P < 0.05). ACT8 was used to normalize samples. (B) Effect of omeprazole on the expression of TCH4 and WRKY18 in the wild type (Wt) and mutants of ein2-1, aux1-7 and arf7 arf19 during mechanical stimulation. White and gray bars indicate relative gene expression at 2 d after transfer of 2-day-old seedlings to vertical and horizontal plates without (-) or with (+) omeprazole, respectively. In each strain, the transcript level of seedlings placed on vertical plates without omeprazole was set as 1. Error bars correspond to ± SD (n = 3). An asterisk indicates a significant difference from the control value (P < 0.05). ACT8 was used to normalize samples. seedlings with omeprazole and EGTA did not enhance the growth reduction, suggesting that the target of omeprazole acts downstream of Ca 2+ influx. It has been proposed that the interplay between the spatio-temporal pattern of stimulus-induced increase in the intracellular Ca 2+ level and a suite of Ca 2+ -binding proteins acts to transduce specific signals Brownlee 2004, Dodd et al. 2010) . In addition, the intracellular Ca 2+ level is required to be returned to its pre-stimulus level by the so-called 'off mechanisms', which involve another set of proteins that move Ca 2+ against a concentration gradient to the apoplast or intracellular stores such as the vacuole De Michelis 2011, Edel et al. 2017 ). According to pharmacological inhibition of different Ca 2+ -ATPase classes in Arabidopsis seedlings, these pumps are implicated in the regulation of both cytosolic and endoplasmic reticulum (ER) Ca 2+ homeostasis (Bonza et al. 2013) . Omeprazole is known to act by blocking ATP4A, a P-type H + /K + ATPase in gastric parietal cells (Singh et al. 2013) . A BLAST search of the Arabidopsis protein database with human ATP4A reveals that ATP4A shares the highest similarity to ER-type Ca 2+ pumps of the ECA family and calmodulin-regulated autoinhibited Ca 2+ pumps of the ACA family followed by proton pumps of the AHA family (Supplementary Table S1 ). As one possibility, omeprazole might inhibit Ca 2+ efflux by blocking Ca 2+ pumps localized in the plasma membrane or in the tonoplast of acidic vacuoles during the recovery from mechanical stresstriggered Ca 2+ elevation in the cytosol. A recent study reveals that plasma membrane-localized ACA8 is regulated by calcineurin B-like Ca 2+ sensor protein (CBL) and CBL-interacting protein kinase (CIPK) complexes, and crucially functions in the termination of Ca 2+ signals (Costa et al. 2017) . Cellular Ca 2+ signals have been shown to activate a Ca 2+ -dependent protein kinase, PKS5, which in turn phosphorylates a plasma membrane proton pump AHA2 and inhibits its activity by preventing interaction with a 14-3-3 protein (Fuglsang et al. 2007 ). It remains unknown whether or not AHA2 plays a role in the release from mechanical stress-induced growth reduction in the root. If so, it is possible that omeprazole has an inhibitory effect on its activity by blocking the Ca 2+ efflux or directly binding to AHA2. Among 11 members of the AHA gene family, AHA1 and AHA2 are the most predominantly expressed, and these double knockouts are embryo lethal, suggesting their redundant but essential roles in survival (Haruta et al. 2010, Haruta and Sussman 2012) . Further studies using weak alleles could provide a useful insight into the involvement of these AHA genes in the root growth response to mechanical stress and the identification of the target of omeprazole.
As shown in Fig. 2C , vertical root growth was more reduced at higher pH while horizontal growth under impedance was more enhanced at higher pH. These results may be attributed to acid growth of root cells. The response to gravity in the root is driven by the difference in auxin levels between the lower and upper sides of the root, which then causes the difference in the activation of plasma membrane proton pumps and in the resulting apoplastic pH, leading to root bending (Enders and Strader 2015 , Sato et al. 2015 , Barbez et al. 2017 ). The mechanical stress that is caused by the force of the root tip to grow against the dialysis membrane barrier could be alleviated if the degree of root bending is reduced in higher pH media, which provide a less favorable environment for cell wall loosening. The stimulatory effect of omeprazole on the growth reduction was also weakened at higher pH. This suggests that the optimum pH for the action of omeprazole in the root growth is acidic and consistent with the fact that omeprazole irreversibly binds to cysteine residues of the gastric H + /K + -ATPase at acidic pH (Olbe et al. 2003) .
In contrast to omeprazole, vanadate had no enhancing effect on the mechanical stress-induced root growth reduction, suggesting that the target of vanadate is different from that of omeprazole. In Arabidopsis, the above-mentioned ACA8 has been shown to be sensitive to vanadate (Bonza et al. 2004 ). While vanadate is a potent inhibitor of the H + -ATPase in the plasma membrane, it also interferes with a variety of enzymes including protein phosphotyrosyl phosphatases (Fantus and Tsiani 1998) , and interpretations of the effect of vanadate on the root growth need further investigation. On the other hand, the addition of the Ag + ion drastically cancelled the root growth reduction, and omeprazole had no restoring effect on the response. Because Ag + blocks ethylene action, this result may be equivalent to the response observed in ein2. We found that omeprazole induces expression of touch-inducible genes in the seedlings under liquid shaking culture conditions (Fig. 6A) . This induction might be coupled with continuous mechanical stimulation by shaking and represent an enhancement of the stress response by omeprazole. Because Ca 2+ -inducible GH3.1 and GA2ox6 were not responsive to omeprazole under shaking conditions, the intracellular Ca 2+ level might not be increased sufficiently to induce these genes in shaking stress-acclimated seedlings after treatment with omeprazole. It is also possible that under the liquid culture conditions by which seedlings are continuously subjected to flooding stress, omeprazole has some additional effects on the expression pattern of each gene responsive to mechanical stress or fluctuation of Ca 2+ levels. The expression levels of ethylene-, jasmonate-and brassinosteroid-inducible genes and the AHA family genes so far tested were not significantly altered by omeprazole except for ERF1. ERF1 expression is directly regulated by another transcription factor, EIN3 (Solano et al. 1998 ), whose accumulation is mediated by EIN2 (Chao et al. 1997 . Taken together with the result that omeprazole had no effect on the insensitivity to the mechanical stress in ein2 roots, omeprazole may enhance the EIN2-mediated ethylene signaling. On the other hand, under solid agar conditions, increased expression levels of TCH4 and WRKY18 were detected even after 2 d of mechanical stress in ein2. This suggests that some targets of omeprazole act independently of ethylene signaling. Omeprazole-induced expression of transcription factor genes such as WRKY18 and WRKY33 further suggests the wideranging impact of omeprazole on gene expression.
Taking into account the function of the molecules known to be involved in mechanical signaling, we suggest a possible model for the action of omeprazole in root growth reduction (Fig. 8) . Given the fact that omeprazole is most effective at acidic pH, it might be reasonable that omeprazole could target and inhibit plasma membrane-or vacuolar membranelocalized pumps including members of the ACA and AHA families. Prolonged elevation of the intracellular Ca 2+ level could enhance ethylene production and/or the signaling mediated by EIN2, and consequently the root growth reduction. Future studies of mutants of the AHA and ACA families in combination with the use of omeprazole will help to specify the members involved in the mechanical stress response. Moreover, the isolation of mutants with altered response to omeprazole is likely to reveal additional information on key mediators of the signaling pathway. Although not depicted in Fig. 8 , the effect of omeprazole on the action of other signals such as reactive oxygen species and jasmonic acid might also be possible. While the scope of this study has not extended to a general effect of omeprazole on plant growth and development, it is also expected that omeprazole could have an influence on various physiological processes other than the root growth response to mechanical impedance and provide a tool to dissect and define their signaling pathways.
Materials and Methods

Chemicals
A chemical library, which consists of 80 authentic compounds, and a pilot library of 376 compounds were provided by RIKEN NPDepo (Osada 2010) . Each chemical was diluted to 3.3 mg ml -1 in dimethylsulfoxide (DMSO) and used at this concentration in the screening. For detailed assays, omeprazole was purchased from Wako Pure Chemical Industries and used at 3 mM unless otherwise indicated. Oryzalin and colchicine were also purchased from Wako Pure Chemical Industries.
Plant material and growth conditions
The Columbia (Col-0) ecotype of Arabidopsis thaliana (L.) Heynh was used as the wild type. Mutants arf7 arf19 (Okushima et al. 2005 , Wilmoth et al. 2005 and slr-1 (Fukaki et al. 2002) were provided by Dr. Hidehiro Fukaki. aux1-7 (Pickett et al. 1990 ) and ein2-1 (Guzmán and Ecker 1990) were obtained from the Arabidopsis Biological Resource Center (ABRC). The PVDF membrane and the GA-55 glass fiber filter used in initial experiments were obtained from Millipore and Advantec, respectively.
Seeds were surface-sterilized by a bleach solution with 0.1% Triton X-100, rinsed three times with water, suspended in 0.1% agar and stored in the dark at 4 C for 3 d before being sown on 0.8% agar medium containing half-strength (Bonza et al. 2000 , Lee et al. 2007 ).
MS (pH 5.7) and 1% sucrose. The seeds were germinated and grown vertically at 22 C under 16 h light/8 h dark long-day conditions for 1 d after germination for chemical screening or for 2 d after germination for detailed assays. The seedlings were then transferred to new agar media that contained or lacked a chemical to be tested and were covered with a 12,000-14,000 MWCO dialysis membrane (Spectra/Por 4, Spectrum Laboratories). The membrane was stirred in water for 10 min, then stirred in a solution containing 2% NaHCO 3 and 1 mM EDTA at 60 C for 30 min, and washed three times in autoclaved water for 10 min before use. The transferred seedlings were grown vertically or horizontally for 2 d. The 24-well plates with three seedlings per well were used for chemical screening, and square Petri plates were used for detailed assays.
For the mechanical stimulation assay of the hypocotyl, seeds were sown on half-strength MS agar medium with 1% sucrose in a 15 mm high round Petri dish or a 200 ml beaker covered with aluminum foil. They were then grown under complete darkness at 23 C for 7 d.
Measurement of growth
To measure the length of the primary root and the hypocotyl, photographs of the seedlings were taken before and after transfer to the above-described mechanical stimulation assay system and the digital images were analyzed by using an imaging processing software, ImageJ 1.43 (NIH).
Microscopy
For quantification of the epidermal cell length and the root diameter, the seedlings grown in the mechanical stimulation assay system were stained with propidium iodide at 50 mg m -1 for 1 min, washed three times with water and observed under a confocal laser-scanning microscope, Olympus FV1200 (http://www.olympus-lifescience.com/ja/). The digital images were analyzed by using ImageJ. The number of root hair cells was measured using a standard light microscope.
qRT-PCR
Total RNA was extracted from Arabidopsis seedlings using the SDS-phenol method. A 1 mg aliquot of total RNA was reverse transcribed by using a PrimeScript II 1st strand cDNA Synthesis Kit (TAKARA) with oligo(dT) primer. qRT-PCR was performed on the Thermal Cycler Dice TP760 (TAKARA) using KAPA SYBR FAST Universal (KAPA Biosystems). ACTIN8 (ACT8) was used as an endogenous control to normalize for differences in the amount of total RNA in each sample. Primers are listed in Supplementary Table S2 .
Statistical analyses
All statistical analyses were performed using the EZR software (Saitama Medical Center, Jichi Medical University, Kanda 2013), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Supplementary Data
Supplementary data are available at PCP online. 
